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SURGICAL SCAFFOLDS

STATEMENT OF RELATED APPLICATTON

This application claims the benefit of U.S. Ser. No.
61/596,303, filed Feb. 8, 2012 and entitled “SURGICAL

SCAFFOLDS,” which 1s hereby incorporated by reference
in 1ts enfirety.

FIELD OF THE INVENTION

The present invention relates generally to medical
articles, and more particularly to scaflolds for surgical
applications.

BACKGROUND

Pelvic floor disorders are highly prevalent among women.
Estimates mdicate that around 225,000 women require pel-
vic organ prolapse (POP) surgery each year in the U.S. and
current projections show that one 1n three women will have
to undergo POP surgery by 2030. Pelvic floor disorders
involve a dropping down (prolapse) of the bladder, rectum,
or uterus caused by weakness of or mjury to the ligaments,
connective tissue, and muscles of the pelvis. The different
types of pelvic floor disorders are named according to the
organ aflected. For example, a rectocele develops when the
rectum drops down and protrudes mto the back wall of the
vagina. An enterocele develops when the small intestine and
the liming of the abdominal cavity (peritoneum) bulge down-
ward between the uterus and the rectum or, 1f the uterus has
been removed, between the bladder and the rectum. A
cystocele develops when the bladder drops down and pro-
trudes into the front wall of the vagina. In prolapse of the
uterus (procidentia), the uterus drops down into the vagina.
Pelvic tloor disorders are commonly treated by implanting a
surgical mesh within the patient’s pelvis to support the organ
or organs that require support.

Surgical meshes are also employed 1n various other soft
tissue applications. As one example, urinary incontinence
aflects millions of men and women of all ages 1n the United
States. Stress urinary incontinence (SUI) aflects primarily
women and 1s generally caused by two conditions, 1ntrinsic
sphincter deficiency (ISD) and hypermobility. These condi-
tions may occur independently or 1n combination. In ISD,
the urinary sphincter valve, located within the urethra, fails
to close properly (coapt), causing urine to leak out of the
urethra during stressiul activity. Hypermobility 1s a condi-
tion 1n which the pelvic floor 1s distended, weakened, or
damaged, causing the bladder neck and proximal urethra to
rotate and descend 1n response to 1ncreases 1n intra-abdomi-
nal pressure (e.g., due to sneezing, coughing, straining, etc.).
The result 1s that there 1s an insuilicient response time to
promote urethral closure and, consequently, urine leakage
and/or flow results. A common treatment of SUI 15 via the
use of a surgical mesh, commonly referred to as a sling,
which 1s permanently placed under a patient’s bladder neck
or mid-urethra to provide a urethral platform. Placement of
the sling limits the endopelvic fascia drop, while providing
compression to the urethral sphincter to improve coaptation.
Further information regarding sling procedures may be
found, for example, 1n the following: Fred E. Govier et al.,
“Pubovaginal slings: a review of the technical varnables,”
Curr. Opin. Urol. 11:405-410, 2001, John Klutke and Carl

Klutke, ““The promise of tension-free vaginal tape for female
SUL” Contemporary Urol. pp. 59-73, October 2000; and
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PC'T Patent Publication No. WO 00/74633 A2: “Method and
Apparatus for Adjusting Flexible Areal Polymer Implants.”

Ideally, matenials for soft tissue repair, icluding SUI
treatment and POP repair, will induce minimal foreign body
response and promote healthy healing and remodeling. In
this regard, materials with surface properties that enable

adhesion of desired host cell types that induce favorable
tissue remodeling are desired.

SUMMARY OF THE INVENTION

According to an aspect of the present invention, surgical
scallolds for soft tissue repair are provided, which comprise
a sheet of polymeric material, wherein a plurality of
through-holes are formed 1n the sheet. In various embodi-
ments, at least one surface of the sheet 1s provided with
surface features that promote cell adhesion and proliferation.

Further aspects of the invention, among others, pertain to
methods of using such surgical scaflolds and to kits con-
taining such surgical scatlolds.

These and other aspects, embodiments and advantages of
the present invention will become immediately apparent to
those of ordinary skill 1n the art upon review of the Detailed
Description and any claims to follow.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a schematic top view of a surgical scaflold, in
accordance with an embodiment of the invention. FIG. 1B 1s
schematic expanded view of area b in FIG. 1A.

FIG. 1C 1s a schematic view of a portion of a scaflold with
hexagonal through holes, 1n accordance with an embodiment
of the mvention.

FIG. 2 1s a schematic top view of a surgical scaflold which
has a central body portion from which a plurality of arms
emanates, 1n accordance with an embodiment of the inven-
tion.

FIG. 3 1s a schematic top view of a surgical scatlold which
has a central body portion from which a plurality of arms
emanate, 1n accordance with another embodiment of the
invention.

FIG. 4A 1s a schematic illustration of a mold for forming
a surgical scatlold, 1n accordance with an embodiment of the
invention. FIG. 4B 1s a schematic illustration of a surgical
scailold that 1s formed using the mold of FIG. 4A.

FIG. 5 1s a schematic top view of a “Y” shaped surgical
scaflold, 1n accordance with an embodiment of the inven-
tion.

DETAILED DESCRIPTION

A more complete understanding of the present mvention
1s available by reference to the following detailed descrip-
tion of numerous aspects and embodiments of the invention.
The detailed description of the invention which follows 1s
intended to illustrate but not limit the invention.

According to an aspect of the present disclosure, surgical
scaflolds for soft tissue repair are provided, which comprise
a sheet of polymeric material, wherein a plurality of
through-holes are formed 1n the sheet.

As used a “sheet” of material 1s one whose length and
width are at least 10 times greater than 1ts thickness, for
example, one whose length and width are each 10 to 25 to
50 to 100 to 250 to 3500 or more times the thickness.

Surgical scaflolds 1n accordance with the disclosure may
be 1n the form of ribbons and other more complex shapes
(see, e.g., FIGS. 1-3 and 5 herein, among numerous other
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possibilities). In certain embodiments, surgical scafiolds in
accordance with the disclosure will be able to take on a
planar configuration, for example, when placed on a planar
surface such as a table top. However, surgical scatlolds 1n
accordance with the disclosure need not be planar. For
example, surgical scatfolds in accordance with the disclo-
sure may curve in space.

Surgical scaflolds in accordance with the present disclo-
sure include, for example, a wide variety of scatlolds for soft
tissue repair, including scafiolds for pelvic floor reparr,
vaginal slings, scaflolds for renal pelvis repair, urethral
slings, hermia scaflolds (e.g., scaflolds for inguinal hernia,
hiatus hernia, etc.), scatlolds for thoracic wall defects, breast
support scatiolds and various other soft-tissue surgical sup-
port devices, including scaflolds for cosmetic and recon-
structive surgery, among others. Surgical scaflolds may be
surgically implanted 1n a variety of subjects, typically ver-
tebrate subjects, more typically mammalian subjects, includ-
ing human subjects, pets and livestock.

Unlike woven meshes and non-woven meshes (including
knitted meshes, felt meshes and spunbound meshes, among,
others), the scatlolds of the present disclosure are not formed
from one or more filaments. Instead, the scatlold preferably
comprises a sheet of non-filamentous material within which
through-holes are formed. As discussed in more detail
below, 1n some embodiments, the through-holes may be
formed concurrently with the formation of the sheet (e.g., by
molding). In some embodiments, the though holes may be
formed subsequent to sheet formation, for example, by a
suitable cutting operation (e.g., die cut, laser cut, water-jet
cut, etc.) or by a perforation operation.

The holes formed 1n the scafolds of the present disclosure
have a number of eflects on the properties of the scaflolds
including the mechanical properties of the scatfolds and the
capacity of the scatlolds to promote or resist tissue ingrowth,
among other eflects. With regard to mechanical properties,
holes of various sizes, shapes and densities can be used to
modity the elongation of the scaflolds under load (i.e., the
Young’s modulus of the scaflold). Consequently, the mea-
sured Young’s modulus of scaflolds (referred to herein as
“scatiold modulus™) can differ from the Young’s modulus of
the materials making up the scaflolds (referred to herein as
“material modulus™). Moreover, anisotropy can be provided
to the scaflold modulus by varying hole size, shape and/or
density along the surface of the scatlolds (e.g., by employing
clongated holes).

Materials for forming scaflolds 1n accordance with the
present disclosure include various synthetic biostable poly-
mers, various synthetic biodisintegrable polymers, various
naturally occurring biostable polymers and various naturally
occurring biodisintegrable polymers. A combination of bio-
stable and biodisintegrable polymers may be employed 1n
certain embodiments. In certain embodiments, covalently
crosslinked polymers may be employed (e.g., to increase
stability, increase strength, etc.).

Examples of synthetic biostable polymers (which can
yield permanent implants) may be selected from the follow-
ing: (a) polyolefin homopolymers and copolymers, includ-
ing homopolymers and copolymers of C2-C8 alkenes, for
example, polyethylene and polypropylene among others, (b)
fluoropolymers, including homopolymers and copolymers
of C2-C8 alkenes 1n which one or more hydrogen atoms are
substituted with fluorine, for example, polytetratluoroethyl-
ene (PTFE), polyvinylidene fluoride (PVDF), poly(vi-
nylidene fluoride-co-hexafluoropropene) (PVDF-HFP)
among others, (¢) polyamides such as nylons, among others,
(d) polyesters, including, for example, polyethylene
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terephthalate, among others, (¢) polyurethanes such as poly-
1sobutylene based polyurethanes (PIB-PU) that comprise
one or more polyisobutylene segments, among others, (1)
polyoxyalkylenes including homopolymers of trioxane
(polytrioxane, also known as polyoxymethylene or acetal)
and copolymers of trioxane (e.g., copolymers of trioxane
and dioxane), (g) styrenic copolymers such as alkene-sty-
rene copolymers, including block copolymers comprising
one or more polystyrene blocks and one or more polyalkene
blocks, for instance, poly(styrene-b-1sobutylene-b-styrene)
(SIBS), poly(styrene-b-ethylene/butylene-b-styrene)
(SEBS) among others, (h) as well as various other non-
absorbable polymers and copolymers (including block copo-
lymers).

Examples of synthetic biodegradable polymers may be
selected, for example, from polyesters and polyanhydrides,
among others. Specific biodegradable polymers may be
selected from suitable members of the following, among
others: (a) polyester homopolymers and copolymers (includ-
ing polyesters and poly[ester-amides]), such as polygly-
colide, polylactide (PLA), including poly-L-lactide, poly-D-
lactide, and poly-D.,L-lactide, poly(lactide-co-glycolide)
(PLG), including poly(L-lactide-co-glycolide), poly(D-lac-
tide-co-glycolide) and poly(D,L-lactide-co-glycolide), poly
(beta-hydroxybutyrate), poly-D-gluconate, poly-L-glucon-
ate, poly-D,L-gluconate, poly(epsilon-caprolactone), poly
(delta-valerolactone), poly(p-dioxanone), poly(trimethylene
carbonate), poly(lactide-co-delta-valerolactone), poly(lac-
tide-co-epsilon-caprolactone), poly(lactide-co-beta-malic
acid), poly(lactide-co-trimethylene carbonate), poly(gly-
colide-co-trimethylene carbonate), poly(beta-hydroxybu-
tyrate-co-beta-hydroxyvalerate),  poly[1,3-bis(p-carboxy-
phenoxy )propane-co-sebacic acid], poly(sebacic acid-co-
fumaric acid), and poly(ortho esters) such as those
synthesized by copolymerization of various diketene acetals
and diols, among others; and (b) polyanhydride homopoly-
mers and copolymers such as poly(adipic anhydride), poly
(suberic anhydride), poly(sebacic anhydride), poly(dode-
canedioic anhydride), poly(maleic anhydride), poly[1,3-bis
(p-carboxyphenoxy)methane anhydride], and poly[alpha,
omega-bis(p-carboxyphenoxy)alkane anhydrides] such as
poly[1,3-bis(p-carboxyphenoxy)propane anhydride] and
poly[1,6-bis(p-carboxyphenoxy)hexane anhydride], among
others.

Where a biodegradable polyester 1s used (e.g., PLA, PLG,
etc.), one or more soit blocks, for example, polyethylene
oxide (PEQO), poly(trimethylene carbonate) (PITMC), poly
(dioxane-2-one) (PPDO) or polycaprolactone (PCL) blocks,
among others, may be included with one or more polyester
blocks in the polymer to vary hardness, elongation, and

degradation rate of the polymer. Examples include diblock
and triblock copolymers such as PLA-PCL, PLA-PCL-PLA,

PLG-PCL, PLG-PCL-PLG, PLA-PEO, PLA-PEO-PLA,
PLG-PEO, PLG-PEO-PLG, PCL-PLA-PTMC, PLA-
PTMC-PCL and PLA-PTMC-PPDO, among others.
Where copolymers are employed, copolymers with a
variety of monomer ratios may be available. For example,
where 1sobutylene-styrene copolymers (e.g., SIBS) are used,
the ratio of monomers 1n these polymers can be selected to
obtain mechanical properties such that tissue compatibility
1s enhanced. For instance, a higher 1sobutylene content will
result 1n a softer polymer that may be a better match for the
durometer of the surrounding tissue. As another example,
where PLG 1s used, a variety of lactide:glycolide molar
ratios will find use herein, and the ratio 1s largely a matter of
choice, depending 1n part on the rate of degradation desired.
For imstance, a 50:50 PLG polymer, containing 50% D,L-
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lactide and 50% glycolide, will provide a faster resorbing
copolymer, while 75:25 PLG degrades more slowly, and
85:15 and 90:10, even more slowly, due to the increased
lactide component. Degradation rate can also be controlled
by such factors as polymer molecular weight and polymer
crystallinity. More broadly, where used, PLG copolymers
include those having a lactide/glycolide molar ratio ranging,

for example, from 10:90 or less to 15:85 to 20:80 to 25:75
to 40:60 to0 45:55 10 50:50 10 55:45 to0 60:40 to 75:25 to 80:20
to 85:15 to 90:10 or more.

Examples of naturally occurring polymers include bio-
stable and biodegradable polymers such as cellulose includ-
ing biosynthesized cellulose, alginic acid, hyaluronic acid,
and collagen, among many others.

Polymers employed herein include non-crosslinked and
crosslinked (e.g., 1onically crosslinked, covalently cross-
linked, etc.) polymers.

The overall thickness of the surgical scafiolds of the
present disclosure may range, in certain embodiments, from
50 um or less to 75 um to 100 um to 130 um to 200 pm to
250 um to 300 um to 400 um to 500 um or more, more
typically from 100 um to 250 um.

In various embodiments, the surgical scaflolds of the
present disclosure preferably have through-hole sizes rang-
ing from 0.075 mm or less to 0.1 mm to 0.25 mm to 0.5 mm
to 1 mm to 2.5 to 5 mm to 10 mm or more 1in width, more
typically, ranging from 0.5 mm to 0.75 mm to 1 mm to 2 mm
to 3 mm to 4 mm to 5 mm 1n width.

A wide variety of regular and 1rregular through-hole
shapes may be employed 1n the scaflolds described herein
including circular through-holes, oval through-holes and
polygonal through-holes, among many others. Through-
holes typically have at least one plane of symmetry, more
typically two or more planes of symmetry. Through-holes
typically have a surface aspect ratio (length divided by
width) ranging from 1 to 1.5 to 2 to 5 or more.

Through-hole density (through-hole area divided by total
scaflold area) can range, for example, from 1% or less to
90% or more (e.g., ranging from 1% to 2% to 5% to 10% to
25% to 350% to 75% to 90%).

Scatlolds 1n accordance with the present disclosure may
have a wide range of mass densities (also sometimes
referred to as surface density or mesh weight). In certain
embodiments, the mass density ranges, for example, from 1
g/m” or less to 100 g¢/m* or more (e.g., ranging 1 g/m~ to 2
g/m” to 5 g/m” to 10 g/m” to 15 g/m” to 20 g/m” to 25 g/m"”
to 50 g/m* to 75 g/m* to 100 g/m?), more typically ranging,
from 1 g/m” to <20 g/m”.

In various embodiments, scaflolds in accordance with the
present disclosure contain surface features, such as surface
nano-features, surface micro-features, or both. As used
herein, “surface features™ at topographic features which may
be 1n the form of, for example, (a) depressions, such as holes
(including through-holes, which extend through the scafiold,
and blind holes, which do not extend through the scafiold)
and trenches, (b) protuberances, such as pillars and ridges or
(c) both. (Surfaces comprising topographic features in the
form of waves can be considered as either series of ridges or
a series trenches). Surface features may be molded, or they
may be generated on a previously formed scaflold surface
(e.g., by calandering, cutting, etching, etc.). Where trenches
and/or ridges are present, they commonly include a series of
trenches and/or ridges that are parallel to one another, and
can further include two parallel sets that intersect one
another 1n a cross-hatched-type pattern, for example, inter-
secting at an angle ranging from near-parallel up to perpen-
dicular, for instance, intersecting at an angle ranging from 5°
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to 10° to 15° to 30° to 45° to 90°. Where depressions are
present, they may be loaded with various additional agents
(e.g., therapeutic agents, biopolymers, etc.) such as those
described below.

Surgical scaffolds in accordance with the present disclo-
sure may comprise surface nano-features. As used herein a
“surface nano-feature” 1s a surface feature that has a lateral
dimension (length or width), a vertical dimension (height or
depth), or combination of dimensions (e.g., length and
width; width and depth; length, width and depth; width and
height; length, width and height; etc.) ranging from 1 to
1000 nm (e.g., from 1 nm to 2 nm to 5 nm to 10 nm to 25
nm to 50 nm to 100 nm to 250 nm to 500 nm to 750 nm to
1000 nm), preferably from 5 to 750 nm, more preferably 10
to 250 nm. Surface nano-features may be spaced from one
another by a distance ranging, for example, from 1 to 1000
nm (e.g., from 1 nm to 2 nm to 5 nm to 10 nm to 25 nm to

50 nm to 100 nm to 250 nm to 500 nm to 750 nm to 1000

nm). In various embodiments, the spacing between features
1s on the same order of magnitude as the width of the
features.

Surface nano-features may promote desired protein
adsorption (e.g., fibrin, laminin and other proteins that
induce cell adhesion and proliferation) leading to preferen-
tial adhesion of desirable cells such as macrophages, fibro-
blasts and epithelial cells (which can lead to NO production
and extracellular matrix production), among others, as well
as the rejection of undesirable cells such as bacteria. For
example, nanotextured metal and polymer surfaces with
nano-features (holes) have been shown to promote adhesion
of desired proteins and cells that promote healing, while at
the same time preventing infection. For further information,
see, €.g., J. Lu et al., Acta Biomaterialia, Volume 4, Issue 1,
January 2008, Pages 192-201, U.S. Pat. No. 7,824,462 to
Webster et al., and M. Pattison et al., Macromolecular
Bioscience, Volume 7, Issue 5, May 10, 2007, pages 690-
700. Nanostructured polymer (e.g., polyurethane and
PLGA) surfaces have been shown to enhance smooth
muscle cell adhesion, proliferation, and the production of
extracellular matrix (ECM) proteins in the human bladder.
See A. Thapa et al., Biomaterials 24 (2003) 2915-2926.

Surgical scaffolds in accordance with the present disclo-
sure may also comprise surface micro-features. As used
herein a “surface micro-feature” 1s a surface feature that has
a lateral dimension (length or width), a vertical dimension
(height or depth), or combination of dimensions (e.g., length
and width; width and depth; length, width and depth width
and height; length, width and height; etc.) ranging from 1 to
1000 um (e.g., ranging from 1 um to 2 ym to 5 um to 10 um
to 25 um to 50 um to 100 um to 250 um to 500 um to 750
um to 1000 um), preferably from 2 to 20 um, imn some
embodiments. Surface micro-features may be spaced from
one another by a distance ranging, for example, from 1 to
1000 pm (e.g., from 1 um to 2 ym to 5 um to 10 um to 25
um to 50 um to 100 um to 250 um to 500 um to 750 um to
1000 um). In various embodiments, the spacing between
features 1s on the same order of magnitude as the width of
the features.

Surface micro-features may prevent slippage and promote
desired traction between the scaflold and adjacent tissue
(e.g., the vaginal muscularis on anterior and posterior vagi-
nal walls, connective tissue, etc.). Surface micro-features
may also promote desirable cell proliferation and alignment.

Surfaces can be varied with one side being textured with
nano-features and/or micro-features (for example, to pro-
mote one or more of protein adhesion, cell adhesion, cell
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growth, cell proliferation, cell alignment and tissue
ingrowth) and the other side being smooth to prevent organ
adhesions.

In various embodiments, scaflolds 1n accordance with the
disclosure may undergo significant elongation under load. In
this regard, A. Feola et al., Ann. Biomed. Eng. 39 (2011)
549-338 describes vaginal tissue as active, being able to
generate a force, and passive, being able to transfer a force.
The use of a highly rigid mesh which does not undergo
significant elongation under load, for mstance, constructed
using a rigid material such as polypropylene (e.g., having a
material Young’s modulus of about 1500 N/mm?*) may lead
to muscle atrophy since the mesh supplants the need or even
the ability for the muscularis of the vagina to function
normally.

It 1s further desirable in certain embodiments to employ a
material that approximately matches the hardness (durom-
cter) of 1internal tissue with which it comes into contact. For
istance, 1n a pelvic tloor repair scatiold like that described
below, the body portion of the scaflold that contacts and
supports the vagina may have a durometer ranging from, for
example, 60A-100A, whereas the durometer of the arms
may be significantly higher.

Scaflolds 1n accordance with the present disclosure can be
tailored to provide anisotropic mechanical properties, for
example, by varying the polymeric composition or by vary-
ing scallolding thickness, varying through-hole density,
varying through-hole shape (e.g., elongated holes having an
aspect ratio of more than 1, more typically more than 2), by
varying conditions during extrusion of the material, such as
inducing a strain 1n one dimension during cooling in order
to orient crystals in the material, or combinations of the
preceding techniques. In this way, scaflolds can be provided
which have one set of characteristic mechanical properties in
a first direction and another set of mechanical properties 1n
a second direction. For example, a scallold may be provided
which has lower elongation (and higher strength) 1n a first
direction and higher elongation (and lower strength) in a
second direction. In this regard, in some embodiments the
Young’s modulus 1n a first direction may at least 1.5 times
greater (e.g., ranging from 1.5 times greater to 2 times
greater to 3 times greater to 5 times greater or more) than the
Young’s modulus 1n a second direction (e.g., a direction that
1s perpendicular to the first direction).

For instance, various scaflolds are described herein for
pelvic floor repair which have a body portion that 1s con-
figured to wrap around and supports a subject’s vagina and
multiple arms that can be athxed for various support struc-
tures (e.g., ligaments) within the pelvis of the subject. In
such scaflolds, the body portion can be provided with
anisotropic properties which better mimic normal vaginal
support structures. For example the body portion may be
provided with lower elongation and higher strength proper-
ties (e.g., a scaflold Young’s modulus ranging from >0.1 up
to 100 N/mm?) in a first direction that extends along the
length of the vagina and higher elongation and lower
strength properties (e.g., a scaflold Young’s modulus rang-
ing from 0.1 to <100 N/mm?) in a second direction that
extends around the circumierence of the vagina. In certain
embodiments, the scaflold Young’s modulus in the first
direction ranges from 1 to 5 times (e.g., 1.25to 1.5 to 2 to
3 to 4 to 5 times) the scatlold Young’s modulus 1n the second
direction.

It 1s preferred that the scaflolds in these embodiments
maintain the aspect ratio when strained. For example, cur-
rent meshes prepared from a material with a high Young’s
modulus can be elongated in one direction, but typically
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shrink 1n the dimension perpendicular to the strain. By
selection of the appropriate matenial, the mesh may be
clongated in multiple directions at the same time, without
shrinking or “necking” perpendicular to the strain.

In certain embodiments, the scaflolds of the present
disclosure may comprise various additional agents (i.e.,
agents 1 addition to the polymeric material that 1s used to
form the scaflold) including therapeutic agents, biopolymers
and 1maging agents, among other agents.

In certain embodiments, the scaflolds of the present
disclosure comprise one or more therapeutic agents, for
example, selected from the following, among many others:
(a) hormones such as estrogen, and progesterone, (b) anti-
inflammatory agents (e.g., for purposes of reducing macro-
phage levels, resulting in less muscle regeneration and
re-growth and less scarring or fibrous capsule formation)
including corticosteroids such as hydrocortisone and pred-
nisolone, and non-steroidal anti-inflammatory drugs
(NSAIDS) such as aspirin, ibuprofen, and naproxen; (c)
narcotic and non-narcotic analgesics and local anesthetic
agents (e.g., for purposes of minimizing pain); (d) growth
factors such as epidermal growth factor and transforming
growth factor-a (e.g., for purposes of stimulate the healing
process and or promoting growth of collagenous tissue); (e)
antibiotic agents such as the penicillins (e.g., penicillin G,
methicillin, oxacillin, ampicillin, amoxicillin, ticarcillin,
etc.), the cephalosporins (e.g., cephalothin, cefazolin,
cefoxitin, cefotaxime, cefaclor, cefoperazone, cefixime, cel-
triaxone, cefuroxime, etc.), the carbapenems (e.g., 1mi-
penem, metropenem, etc.), the monobactems (e.g., aztreo-
nem, etc.), the carbacephems (e.g., loracarbef, etc.), the
glycopeptides (e.g., vancomycin, teichoplanin, etc.), baci-
tracin, polymyxins, colistins, fluoroquinolones (e.g., nor-
floxacin, lomefloxacin, tleroxacin, ciprotloxacin, enoxacin,
trovafloxacin, gatifloxacin, etc.), sulfonamides (e.g., sul-
famethoxazole, sulfamlamide, etc.), diaminopyrimidines
(e.g., trimethoprim, etc.), rifampin, aminoglycosides (e.g.,
streptomycin, neomycin, netilmicin, tobramycin, gentami-
cin, amikacin, etc.), tetracyclines (e.g., tetracycline, doxy-
cycline, demeclocycline, minocycline, etc.), spectinomycin,
macrolides (e.g., erythromycin, azithromycin, clarithromy-
cin, dirithromycin, troleandomycin, etc.), and oxazolidino-
nes (e.g., linezolid, etc.) and (1) combinations of two or more
of the foregoing.

Additional agents for use in conjunction with the scatfolds
also 1nclude biopolymers including extracellular matrix
components such as collagen (e.g., types I-V 1n desired
composition, ratios or amounts), elastin, fibrin, fibronectin
and laminin, and glycosaminoglycans and proteoglycans
such as hyaluronic acid, chondroitin sulfate, dermatan sul-
fate, keratin sulfate, heparin sulfate and heparin.

Additional agents also include imaging agents such as (a)
contrast agents for use in connection with x-ray tluoroscopy,
including metals, metal salts and oxides (particularly bis-
muth salts and oxides), and 1odinated compounds, among
others, (b) contrast agents for use i1n conjunction with
ultrasound 1maging, including organic and inorganic echo-
genic particles (1.e., particles that result 1n an increase in the
reflected ultrasonic energy) or organic and inorganic echo-
lucent particles (1.¢., particles that result 1n a decrease 1n the
reflected ultrasonic energy), and (c¢) contrast agents for use
in conjunction with magnetic resonance imaging (MRI),
including contrast agents that contain elements with rela-
tively large magnetic moment such as Gd(III), Mn(II),
Fe(IIl) and compounds (including chelates) containing the
same, such as gadolinium 1on chelated with diethylenetri-
aminepentaacetic acid.
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Additional agents (e.g., therapeutic agents, biopolymers,
contrast agents, etc.) may be associated with the scaffolds 1n
vartous ways, including the following, among others: (a)
loaded 1n the iterior (bulk) of the scafiolds, (b) bound to the
surface of the scatlolds by covalent interactions and/or
non-covalent interactions (e.g., interactions such as van der
Waals forces, hydrophobic interactions and/or electrostatic
interactions, for 1nstance, charge-charge interactions,
charge-dipole interactions, and dipole-dipole interactions,
including hydrogen bonding), (¢) applied as a coating (bio-
stable or biodegradable) that covers all or a portion of the
scallolds, (d) loaded 1n surface features (e.g., depressions) in
the scatlolds, and (e) combinations of the forgoing.

In various embodiments, the scaflolds contain 1 wt % or
more of one or more of the preceding additional agents (e.g.,
from 1 wt % to 2 wt % to 5 wt % to 10 wt % to 25 wt %
to 40 wt % to 50 wt % to 60 wt % to 70 wt % to 80 wt %
to 90 wt % to 95 wt % to 98 wt % to 99 wt % or more).

As noted above, surgical scaffolds 1n accordance with the
present disclosure may be provided mn a wide range of
shapes and sizes. A few specific embodiments of the present
disclosure will now be discussed 1n conjunction with the
drawings.

Turning to FIG. 1A, there 1s schematically illustrated
therein a surgical scafiold 100, which may be used, for
instance, as a urethral sling. The material for the surgical
scaflold 100 may comprise a uniform distribution of pores
over 1ts surface. For example, FIG. 1B 1s an expanded view
of area b in FIG. 1A and shows a series of polygonal
(diamond shaped) through-holes 100/2. One characteristic of
such polygonal through holes i1s that the material 100
remaining 1s ol a net-like conformation, grossly resembling
a mesh formed from one or more filaments, but without the
crossover points, knots, and other features associated with
filamentous meshes. As another example, FIG. 1C 1s shows
a portion of a scatlold with a series of polygonal (hexagonal)
through-holes 100/2. Note also that material 100z remaining,
between the holes can have a wide variety of aspect ratios
(width/thickness) with typical widths ranging from um to
mm 1n scale (e.g., 10 um to 10 mm) and typical thicknesses
ranging from 50 to 500 um.

The material 100 may be provided with nano-features
and/or micro-features 1n accordance with the invention.
Typical dimensions for such a urethral sling range from 1 to
25cm (e.g., 1 to 2 to 5to 10 to 20 to 25 ¢m) 1n length and
from 1 to25cm (e.g.,1to2to5to10to 20 to 25 cm) 1n
width, among other possibilities. Typical thicknesses for the
urethral sling range from 50 to 500 um. Typical dimensions
tor the through-holes in the scatfold range from 0.1 to 5 mm
in length and width, among other possibilities. In a specific
embodiment, nano-features (e.g., nano-holes) having a
width, length and depth ranging from 10-1000 nm and a
spacing of 10-1000 nm may be provided on one or both
surfaces of the sling 100.

As previously noted, pelvic floor (pelvic support) disor-
ders mnvolve a dropping down (prolapse) of the bladder,
rectum and/or uterus caused by weakness of or injury to the
ligaments, connective tissue, and muscles of the pelvis.
Pelvic floor disorders may be treated by implanting a
surgical scaflold 1n accordance with the present disclosure
within the patient’s pelvis to support the organ or organs that
require support.

In accordance with one embodiment, there 1s schemati-
cally 1illustrated i FIG. 5§ a surgical scatiold 500, for
example, a Y-shaped scaflold, having arms 3510, 520a and
520b. (Arms 520a, 5205 may be secured to the vaginal apex

and arm 510 may be secured to the sacral promontory using
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sacrocolpopexy as 1s known 1n the art for Y-shaped meshes.
The scaflold may be placed using known procedures includ-
ing transvaginal or abdominal procedures.) Typical thick-
nesses for the scaflold 500 range from 50 to 500 um, among
other values. As with the scaffold of FIG. 1, the material for
the surgical scaflold 500 comprises through-holes (not sepa-
rately illustrated). Typical dimensions for the through-holes
in the scatfold range from 0.5 to 5 mm 1n length and width,
among other possibilities. In certain embodiment, nano-
features (e.g., nano-depressions) having a width, length and
depth ranging from 10-200 nm and a spacing ranging {rom
10-200 nm, among other values, may be provided on one or
both surfaces of the scafiold 500.

In accordance with another embodiment, there i1s sche-
matically illustrated i FIG. 2 a surgical scatiold 200, for
example, a pelvic floor repair scaflold, having a central
portion 210 and a plurality of arms 220 that emanate from
the central portion 210. As used herein an “arm™ 1s an
clongated scaflold component whose length 1s at least two
times greater than 1ts width, typically ranging from 2 to 3 to
4 1o 5 to 6 to 8 to 10 or more times the width. (In this regard,
surgical sling 100 of FIG. 1 can be thought of as a single-arm
device.) The central portion 210 may be used 1n a hammock-
like fashion to support an internal organ such as the vagina,
while the arms 220 may be afhixed to ligaments with the
pelvis (e.g., sacrospinous ligament, uterosacral ligament,
sacral promontory, etc.). The scaflold may be placed using
known procedures including trans-vaginal or abdominal
procedures.

Typical thicknesses for the scafiold 200 range from 50 to
500 um. As with the scaffold of FIGS. 1A-1B and S, the
material for the surgical scaflold 200 comprises through-
holes (not specifically illustrated). Typical dimensions for
the through-holes 1n the scaflold range from 0.1 to 5 mm 1n
length and width, among other possibilities. In certain
embodiment, nano-features (e.g., nano-depressions) having
a width, length and depth ranging from 10-200 nm and a
spacing of 10-200 nm, among other values, may be provided
on one or both surfaces of the scatiold 200.

In certain embodiments, the central portion 210 has either
through-holes, nano-features or both, while the arms 220 do
not have through-holes, do not have nano-features or do not
have both. For example, the arms 220 may be constructed of
a flat continuous smooth polymer sheet without through-
holes and without nano-features. Such a configuration pro-
vides the arms with greater strength while ensuring minimal
adhesion to or ingrowth 1nto surrounding tissue and organs.

With continued reference to FIG. 2, 1n certain embodi-
ments, the central portion 210 has a Young’s modulus along
its length Y that i1s greater than the Young’s modulus along
its width X (e.g., the Young’s modulus along 1ts length Y
may be >1. to 1.5 to 2 to 3 to 4 to 5 times the Young’s
modulus along 1ts width X, among other values). In this
regard, the central portion may have lower elongation and
higher strength properties along 1ts length Y (e.g., a Young’s
modulus ranging from >0.1 to 100 N/mm~) and higher
clongation and lower strength properties along its width X
(e.g., a Young’s modulus ranging from 0.1 to <100 N/mm?).

In one specific embodiment, the scaffold 200 may be

formed from a polyisobutylene-based polyurethane (e.g.,
polyurethane formed from a polyisobutylene diol as

described 1n U.S. Pub. No. 2010/0023104 or 2010/0179298)

the polymer having a material Young’s modulus of about 1
to 50 N/mm* and may be about 1 to 500 um in thickness,
with rectangular or diamond shaped through holes ranging
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from 0.1 to 5 mm 1n length and width, and with nano-holes
or nanofeatures ol approximately 25-100 nm 1n length,
width, depth and spacing.

Although the scaflold of FIG. 2 has two rectangular arms
and a polygonal central body portion, other body and arm
shapes and other numbers of arms (e.g., 3, 4, 5, 6, 7, 8, etc.)
may be used. As one specific vanation, FIG. 3 illustrates a
scallold 300 having a non-circular (oval) central body
portion 310 and six non-rectangular (trapezoidal) arms 320,
among near-limitless other possibilities.

As seen from the above, in many embodiments, a scaflold
in accordance with the present disclosure may be positioned
in the same fashion as biologic and synthetic grafts currently
used 1n pelvic floor repair surgery, such that it performs the
same function as currently used graits (e.g., suspending the
vaginal apex, supporting a visceral wall, etc.). However, the
present disclosure 1s not limited to pelvic floor repair; 1t may
be used for other soit tissue repair such as stress urinary
incontinence treatment, hermia repair, repair ol skeletal
muscle and repair of connective tissue (e.g. tendon repair),
among various other procedures 1n which surgical meshes
are employed.

Scaflolds 1n accordance with the present disclosure can be
formed using a variety of techniques.

For instance, scaflolds can be formed by molding pro-
cesses whereby through-holes and micro-features and/or
nano-features are formed using a suitable mold.

In a specific example, with reference to FIGS. 4A and 4B,
a scaflold 400 1s formed using a mold 4350, which contains
mm-scale diamond-shaped protrusions 452 which can be
used to form mme-scale through-holes 402 in the scatiold 400
and which contains nm-scale or um-scale columnar protru-
sions (pillars) 454 which can be used to form nm-scale or
um-scale blind-holes 404 in the scafiold 400. To form
through-holes 402, protrusions 452 must be greater than or
equal to the thickness of the resulting scaflold (e.g., um
scale) whereas the protrusions 454 must be less than the
thickness of the resulting scaflold to form blind-holes 454.

Scaflolds can also be formed using fabrication processes
that comprise first creating a polymer sheet of suitable
thickness (e.g., by extrusion) followed by further processing,
(a) to provide an overall shape for the scafiold (e.g., linear,
Y-shaped, body with multiple arms, etc.), (b) to provide
mm-scale through-holes as described herein and (c) to
provide micro-features and/or nano-features as described
herein.

For example, mm-scale through-holes may be created in
a previously formed polymeric material by a suitable cutting
technique (e.g., die cut, laser cut, water-jet cut, cutting using,
metallic cutting tools, etc.).

Micro-features and/or nano-features may be provided
using a suitable mold (which may be formed from a variety
of metal, ceramic, polymeric, etc. metals) as previously
discussed. Micro-features and/or nano-features may also be
formed 1n a previously formed polymeric material using a
variety of techniques.

In this regard, various micro- and nano-fabrication tech-
niques are known 1n the semiconductor industry for depos-
iting and etching a varniety of metallic, polymeric and
ceramic materials, which may be used to provide molds or
previously formed polymeric materials with micro-features
and/or nano-features as described herein.

Metal, polymer, or carbon nanotube or rods may be grown
from or attached to a mold surface or a previously formed
polymeric material surface using known techniques.

Chemical etching may be used to form nano-features in
molds and previously formed polymeric materials, with
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depth control being achieved by adjusting the composition
of the etching solution (e.g. bases, acids, organic solvents,
etc. 1 various concentrations), and time.

Polymeric micro-features and nano-features may be
formed 1n molds and previously formed polymeric materials
by grafting polymers from a surface (e.g., a mold or
extruded polymer sheet surface), for example, a gold sur-
face+thiol or gold surface+thiol mixture may be used to
create a nano-featured surface. See Whitesides et al., Sci.
Prog. 88 (2003) 17-48.

Polymeric micro-features and nano-features may be also
be formed by depositing or grafting block copolymers with
hydrophilic and hydrophobic blocks onto/from a surface,
wherein the block copolymer self-organizes to create micro-
scale or nano-scale hydrophilic and hydrophobic phase
domains. By swelling the hydrophilic domains, micro-scale
or nano-scale protrusions (e.g., ridges, pillars, etc., depend-
ing to the morphology of the separated phases) may be
formed. Examples of hydrophobic blocks include polysty-
rene, polyisobutylene and poly(methyl methacrylate)
blocks, whereas examples of hydrophilic blocks including
polyacrylic acid, polyethylene oxide, and polypropylene
oxide blocks.

Direct write techniques (e.g., using a sharp stylus or
micropen) may also be used to generate a range of features.

In other aspects of the disclosure, medical kits are pro-
vided. The medical kits may comprise any combination of
two or more of the following i1tems: (a) a sterile surgical
scaflold 1n accordance with the present disclosure, (b) suit-
able packaging material and (¢) printed material with one or
more of the following: (1) storage information and (11)
instructions regarding how to implant the surgical scaffold 1in
a subject.

Various aspects of the disclosure relating to the above are
enumerated in the following paragraphs:

Aspect 1. A surgical scaflold for soft tissue repair, said
surgical scaflold comprising a sheet of non-filamentous
polymeric material, at least a portion of the sheet surface
comprising a plurality of through-holes, wherein the
Young’s modulus of the polymeric maternial ranges from 0.1
to 1000 N/mm”~.

Aspect 2. The surgical scatlold of aspect 1, wherein said
through-holes range from 0.1 mm to 5 mm 1n width.

Aspect 3. The surgical scaflold of any of aspects 1-2,
wherein said through-holes are polygonal through-holes.

Aspect 4. The surgical scaflold of any of aspects 1-3,
turther comprising nano-features formed in at least a portion
ol the sheet surface.

Aspect 5. The surgical scaflold of aspect 4, wherein said
nano-features have a width, depth and spacing between 10
nm and 500 nm.

Aspect 6. The surgical scaflold of aspect 4, wherein said
nano-features are selected from nano-holes, nano-pillars,
nano-ridges, nano-trenches and combinations of the same.

Aspect 7. The surgical scaflold of any of aspects 1-6,
wherein said sheet ranges from 10 um to 1 mm 1n thickness.

Aspect 8. The surgical scaflold of any of aspects 1-7,
wherein at least a portion of said sheet 1s mechanically
anisotropic.

Aspect 9. The surgical scaffold of aspect 8, wherein at
least a portion of said sheet comprises a Young’s modulus 1n
a first direction along the sheet surface that 1s at least >1
times than a Young’s modulus 1 a second direction along
the sheet surface that 1s perpendicular to the first direction.

Aspect 10. The surgical scaflold of any of aspects 1-9,
wherein said polymeric material comprises a copolymer that
comprises polyisobutylene.

[
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Aspect 11. The surgical scaflold of any of aspects 1-9,
wherein said polymeric material comprises a polyurethane.

Aspect 12. The surgical scaflold of aspect 11, wherein
said polyurethane comprises one or more polyisobutylene
segments.

Aspect 13. The surgical scaflold of any of aspects 1-13,
wherein said scaflold comprises a therapeutic agent.

Aspect 14. The surgical scaflold of aspect 13, wherein
said therapeutic agent 1s a hormone.

Aspect 15. The surgical scaflold of any of aspects 1-14,
wherein said scaflold 1s formed using a mold.

Aspect 16. The surgical scaflold of any of aspects 1-14,
wherein the surgical scafiold 1s a pelvic tloor repair scailold.

Aspect 17. The surgical scaflold of any of aspects 1-16,
wherein the surgical scaflold comprises a body and two or
more arms extending from the body.

Aspect 18. The surgical scaflold of aspect 17, wherein
said body 1s mechanically anisotropic.

Aspect 19. The surgical scaflold of aspect 17, wherein
said body comprises said through-holes

Aspect 20. The surgical scaflold of any of aspects 1-19,
wherein the scaflold 1s sterile and 1s disposed 1n a package
that maintains the sterility of the scatiold.

Aspect 21. A surgical scaflold of any of aspects 1-20
having a mass density ranging from 1 to 20 g/m”.

Aspect 22. A surgical method comprising implanting the
scaflold of any of aspects 1-21 nto a subject.

Aspect 23. A surgical scaflold for soft tissue repair, said
surgical scaflold comprising a sheet of non-filamentous
polymeric material that does not shrink 1 a dimension
perpendicular to an applied strain in a first direction along
the sheet surface.

Aspect 24. A surgical scaflold for soft tissue repair, said
surgical scaflold comprising a sheet of non-filamentous
polymeric material, wherein the scaflold can be indepen-
dently elongated in multiple directions simultaneously.

Although various embodiments are specifically illustrated
and described herein, 1t will be appreciated that modifica-
tions and variations of the present invention are covered by
the above teachings and are within the purview of any
appended claims without departing from the spirit and
intended scope of the mvention.

The 1nvention claimed 1s:

1. A medical device comprising;:

a surgical scaflold for soft tissue repair, the surgical
scallold including a central portion and a first arm
portion and a second arm portion extending from the
central portion, the central portion configured to sup-
port a vagina of a patient,

the central portion and at least one of the first arm portion
or the second arm portion being defined by a continu-
ous sheet of non-filamentous polymeric material, the
central portion including a plurality of through-holes
and polymeric surface features extending substantially
between the first arm portion and the second arm
portion, at least one of the through-holes being between
a first polymeric surface feature and a second poly-
meric surface feature, the first and second polymeric
surface features including a plurality of trenches and
ridges, the plurality of trenches and ridges including a
first set of a trench and a ridge that are parallel to each
other and a second set of a trench and a ridge that are
parallel to each other, the first set intersecting with the
second set 1n a cross-hatched-type pattern, the first arm
portion being devoid of through-holes and being
devoid of polymeric surface features,
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wherein at least a portion of the sheet 1s mechanically
anisotropic having a Young’s modulus 1n a first direc-
tion along a sheet surface that 1s at least more than one
time greater than a Young’s modulus in a second
direction along the sheet surface that 1s perpendicular to
the first direction.

2. The medical device of claim 1, wherein the plurality of

through-holes range from 0.1 mm to 5 mm in width.

3. The medical device of claam 1, wherein the central
portion includes a first surface and a second surface opposite
to the first surface, the second surface being separated from
the first surface by a thickness of the continuous sheet of
non-filamentous polymeric material at the central portion,
the first surface of the central portion defining the polymeric
surface features, the second surface of the central portion
being devoid of polymeric surface features including
trenches and ridges.

4. The medical device of claim 1, wherein the sheet of
non-filamentous polymeric material ranges from 10 um to 1
mm 1n thickness.

5. The medical device of claim 1, wherein the sheet of
non-filamentous polymeric material includes a copolymer
having polyisobutylene.

6. The medical device of claim 1, wherein the sheet of
non-filamentous polymeric material includes a polyure-
thane.

7. The medical device of claim 6, wherein the polyure-
thane includes one or more polyisobutylene segments.

8. The medical device of claim 1, wherein the surgical
scaflold 1ncludes a therapeutic agent and an 1maging agent.

9. The medical device of claim 1, wherein each of the
polymeric surface features has a dimension ranging from 1
to 1000 nanometers.

10. The medical device of claim 1, wherein the surgical
scallold 1s a pelvic floor repair scatiold.

11. The medical device of claim 1, wherein the at least one
portion of the sheet of non-filamentous polymeric material 1s
mechanically amisotropic by varying hole size, shape and
density along the sheet surface.

12. The medical device of claim 1, wherein the surgical
scaflold 1s sterile and 1s disposed 1n a package that maintains
the sterility of the scatiold.

13. The medical device of claim 1, wherein the surgical
scaffold has a mass density ranging from 1 to 20 g/m~.

14. A surgical method comprising implanting the medical
device of claim 1 into a subject.

15. The medical device of claim 1, wherein the Young’s
modulus 1n the first direction along the sheet surface 1s at
least 2 times the Young’s modulus in the second direction
along the sheet surface.

16. The medical device of claim 1, wherein the Young’s
modulus 1n the first direction along the sheet surface ranges
from 1.5 times to 5 times the Young’s modulus 1n the second
direction along the sheet surface.

17. A medical device comprising:

a surgical scaflold for soft tissue repair, the surgical
scaflold including a central portion, a first arm portion
extending from the central portion at a non-zero angle,
and a second arm portion extending from the central
portion at a non-zero angle, the central portion, the first
arm portion, and the second arm portion being defined
by a continuous sheet ol non-filamentous polymeric
material that does not shrink 1n a dimension perpen-
dicular to an applied strain 1n a first direction along a
sheet surface, wherein the central portion defines a
plurality of through-holes and polymeric surface fea-
tures extending substantially between the first arm
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portion and the second arm portion, at least one of the
through-holes being between a first polymeric surface
feature and a second polymeric surface feature, and
cach of the first arm portion and the second arm portion
1s constructed of a flat continuous smooth polymer 5
sheet without through-holes and without polymeric
surface features,

the first and second polymeric surface features including
a plurality of trenches and nidges, the plurality of
trenches and ridges including a first set of a trench and 10
a ridge that are parallel to each other and a second set
of a trench and a ridge that are parallel to each other, the
first set intersecting with the second set in a cross-
hatched-type pattern.

x x * Cx x 15
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